A compact low-energy and high-intensity electron source for material aging applications is presented. A laser-induced plasma moves inside a 30 kV diode and produces a 5 MW electron beam at the anode location. The corresponding dose that can be deposited into silicon or gallium samples is estimated to be 25 kGy per laser shot. The dose profile strongly depends on the cathode voltage and can be adjusted from 100 nm to 1 µm. With this versatile source, a path is opened to study micro or nano-electronic components under high irradiation, without the standard radioprotection issues.
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The development of resistant materials in harsh radiation environments is of prime importance for the reliability of systems in aerospace, nuclear and military industries 1 . Hardening studies of micro and nanoscale electronic circuits are currently performed under irradiation doses ranging from 1 Gy to a few tens of kGy [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Strong alterations of performances are observed for doses larger than 1 kGy. For instance, if the stability of nanometer size memory capacitors is strongly degraded by irradiation, "writing" operations in memories are prevented 2 . The modification of carrier mobility and the reduction of diffusion length have been observed in sub-micrometer scale AlGaN/GaN transistors 10 leading to severe issues for applications in radiation environments.
Studies of electronic components are generally performed with high energy accelerators or standard radioactive sources such as 60 Co. The energy of the electrons and γ-rays delivered by these sources is in most cases larger than 1 MeV, thereby reducing the probability of particle interactions into micrometer-size samples. Consequently, strong activities are necessary to reach a few hundred of Gy per hour 2 . Then, in order to reach kGy doses in micro or nanoscale devices, very long irradiation times are required, under severe radioprotection conditions. With 10 keV electrons, ranges in silicon or gallium samples are of the order of one micrometer 12 . A versatile and high intensity source emitting electrons in this energy range is therefore promising to study aging of nano or micro-electronic components under very high irradiation doses. In addition, the opportunity of delivering electrons upon request facilitates radiation protection procedures. We recently investigated a new source of electrons at a few keV 13, 14 . In this letter, we detail an important upgrade of the system allowing acceleration of 30 keV electrons, which is now relevant for small scale sample irradiation. We show that doses up to 25 kGy can be obtained with this source operating in single shot.
The main characteristics of the source were already carefully described [13] [14] [15] . They are displayed in Fig.1 . A 10 ns, 10 13 W/cm 2 Nd:YAG laser pulse is focused on an aluminum target. It produces a plasma in which about 2x10 15 electrons can be released. This plasma presents two components: 16 . This two-component plasma expands between the target, biased at a negative voltage -V T , and a grounded 37% transparent grid (anode) located 50 mm downstream from the target. This grid is inserted at the entrance of a Faraday Cup (FC) which is used to collect the charges and to monitor the beam current. Conducting plates with annular apertures of variable radii are placed in front of the grid. They allow us to measure the current and the charge distributions at the anode location for several distances away from the symmetry axis, up to 28 mm. Previous studies at V T = 3 kV and 5 kV showed that during the first 130 ns after the laser shot, electrons are extracted from the front end boundary of the dense plasma component. That interface between the two plasma components acts as a Moving Dense Plasma Cathode 13 (MDPC), biased at a voltage V P which depends on V T . The mean energy of the extracted electron beam decreases with time as the MDPC expands from the target to the anode. The LDPP in the gap between the MDPC and the anode strongly increases the current of the electron beam 14 . Actually, the LDPP positive ions change the potential in the gap. A negative electric field appears in front of the MDPP whereas a positive electric field settles in the anode vicinity. The first produces additional acceleration for electrons resulting in greater electron extraction from the MDPC boundary and consequently much higher beam current than would be expected in vacuum. Moreover the anisotropy of the LDPP is responsible for the inhomogeneous electron beam spatial charge distribution at the anode position 14 .
When the MDPC fully fills and short-circuits the gap between the target and the anode, a second low energy electron beam of a few hundred eV flows through the anode 13 . Once the MDPC has reached and has short-circuited the anode, a capacitor used to stabilize the target voltage V T discharges. This capacitor supports the electron current flowing in the cathode-anode gap. These electrons are no longer accelerated by the extracting electric field (short-circuit) and their energy is lower than 1 keV. This low energy flow will not be considered in the rest of this paper. Figure 2 (a) shows the total beam current I e (t) measured at the anode location, for 6 values of V T . These curves were obtained by summing the FC current i(t) (see Fig.1 ) obtained with six different annular apertures covering all radii between 0 and 28 mm. Regardless of V T , the maximum beam current is reached approximately 115-120 ns after the laser shot and, above 20 kV, up to 600 A are collected. If the diode were under vacuum, such a current, much greater than the limiting current of a few amperes, would not propagate 17 . The charge density per unit area of the electrons extracted from the thin MDPC boundary is plotted in Fig.2 (b) as a function of distance to the symmetry axis (see Fig.1 ) and for the 6 target voltages of Fig.2(a) . These distributions are obtained by integrating the corresponding current signals from 0 to 130 ns, this for each annular aperture. The measurements were repeated 10 times and the corresponding statistical uncertainties are represented by the vertical bars. These distributions are strongly inhomogeneous. The collected charge decreases with distance from the symmetry axis and electrons are preferentially extracted in the vicinity of the latter. These results are in agreement with those previously reported at V T = 3 and 5 kV 14 . As a first approximation, MDPC expansion and LDPP anisotropy do not depend on the bias voltage value V T .
The total number of electrons collected during the first 130 ns as a function of target voltage is shown in Fig.2 (c) . The number of extracted electrons increases with V T and saturates at 9.10 13 for 20 kV. This number corresponds to approximately 4.5% of the 2x10 15 free electrons present in the plasma. For each value of V T , the beam current is regulated by the excess of positive charge density of the LDPP that fills the gap between the MDPC and the anode 14 .
To understand the origin of the electron beam saturation and its dependence with the LDPP properties, simulations are performed by using the 2D axisymmetric particle in cell code XooPIC 18 . The geometry is a simple cylinder for which one side corresponds to the MDPC position at time t =110 ns and the other side is the anode grid. The latter is located 8 mm downstream from the MDPC at this particular time. As reported in ref 13, the MDPC voltage V P is deduced from the target voltage V T . As a first approximation, the ratio between these two voltages is constant and takes the value of 0.4 at t = 110 ns.
A first series of simulations was performed to estimate the mean positive charge density of the LDPP capable of producing the electron experimental current I e measured at time t = 110 ns. In this simulation, the gap between the MDPC and the anode is filled with an anisotropic LDPP (protons) whose angular distribution was measured in a previous experiment 14 . An electron beam is "emitted" with current I from the MDPC which is biased at the potential V P . Then, the electrons propagate in the LDPP towards the anode and the current I A that reaches the latter is estimated. The current I A increases with I up to a maximum value I VC for which a virtual cathode is formed in front of the MDPC, preventing further electron propagation 19, 20 . By varying the LDPP positive charge density we have calculated the proton density that produces the experimental current (i.e. I VC = I e ), this for each value of V P (which depends on V T ). This density is given by the black circles in Fig. 3 , as a function of V T . For a grounded target, the charge density is zero and the LDPP is neutral. When the target is polarized, the LDPP positive charge density necessary to restitute the measured current I e increases and saturates at 7.2 nC/cm 3 , for target voltages greater than 15 kV. This value is close to the 9 nC/cm 3 density of positive charges that was measured in the previous experiment 14 at t = 110 ns. We removed the electrons entering the FC by applying a voltage V FC inside the latter (see Fig.1 ), such that only positive charges were collected. These simulations suggest that the actual LDPP is gradually emptied of its electrons when the target voltage is increased. Above a voltage of 15 -20 kV, only positive ions remain in the LDPP, leading to a saturation of the extracted electron current.
To check this hypothesis, we have performed a second series of simulations. The gap between the MDPC and the anode is now filled with a homogeneous neutral LDPP including protons and electrons, both with a fixed charge density of 9 nC/cm 3 . When the MDPC is biased at V P (t=110 ns), LDPP electrons move towards the anode. After approximately one nanosecond of calculation, a steady state is reached and the LDPP exhibits an excess of positive charges as shown by the red circles of Fig.3 . Electrons are completely removed at 35 kV , thus confirming the hypothesis suggested previously.
The experimental energy distribution of the electrons, as obtained from the beam current I e (t) and V P (t), is given by:
where δ is a function defined as δ keV. In this way, the extracted electrons can deposit their energy into thin (<µm) silicon or gallium samples such as those used in nano or microelectronic structures. The beam peak power I e V P is displayed in Fig.5(a) for three values of V T . If we average these curves between t = 80 and 130 ns, we observe the approximately quadratic behavior with V T shown in Fig.5 (b) . We can estimate the kinetic energy transported by the electron beam over the 24 cm 2 anode area. Assuming 5 MW of peak-power, as obtained at 30 kV, and a deposition which lasts 25 ns, as shown in Fig.5 (a) , we obtain an energy of 100 mJ. If this energy were deposited in a 1 mm slice of silicon (ρ=2300 kg/m 3 ), the dose would be 18 kGy, a value much higher than yields obtained with conventional radioactive sources. In addition this dose is due to a single laser-plasma shot.
Let us now specify a simple way to use this source as an irradiation facility. First of all, we remove the Faraday Cup and replace the grid by a conducting anode. We select the central and homogenous part of the electron beam by inserting a 1 mm radius aperture in the anode center. Then, we place a 100 nm-thick silicon nitride window to stop the secondary low energy electrons coming from the capacitor discharge but also the plasma ions. Finally, we install the sample under study just after this filter. The beam deposition in the sample can be estimated by using the Monte Carlo code Geant4 21 associated with the Livermore Physics List 22 . This allowed us to compute particle interactions (electrons, photons) with energies as low as 100 eV. Multiple scattering, Bremsstrahlung and continuous energy loss are taken into account for electrons. The physical processes for photons are the Compton and Photoelectric effects and Rayleigh scattering. In addition, secondary electron emission and fluorescence are also included.
The simulation is initialized with an electron beam having the characteristics reported above. We have computed the depth dose profile in key materials, such as silicon and gallium, for different target voltages V T . We have considered 10 mm thick samples of radius 1 mm. For each target voltage, 10 9 electrons are sent perpendicular to the sample. They have the measured energy distributions reported in Fig.4 . The energy deposited by the primary and the secondary particles in the sample is recorded as a function of its depth, with a resolution of 1 nm. The dose profile is obtained by dividing the total energy deposited in each 1 nm-thick disk by its mass. Then, it is rescaled to the experimental number of electrons passing through the π mm 2 aperture area, accordingly to the results presented in Fig. 2(b) .
The results of these simulations for silicon and gallium samples are shown in Fig. 6(a) dose depth of order 1 µm. As shown in these figures, the key feature of this new electron source is the capability of modulating the depth of energy deposition by varying the target voltage. We have defined a characteristic length as
This length l p , and the corresponding average dose deposited inside, are reported in Fig. 6 (c) and 6(d) as a function of V T . We observe that the average dose, of order 25 kGy, is basically independent of the target voltage and material for electron kinetic energy greater than 10 keV. However, the dose depth strongly depends on the target voltage and increases from a few tens of nm at 5 kV up to one micrometer at 30 kV. The length l p is slightly lower for gallium than for silicon as its atomic number is higher. Additional calculations on tantalum (Z=73) have given a length l p of the order of 200 nm at 30 kV. Therefore, for a nano or microelectronic device aging application, the target voltage can be easily chosen according to the material thickness and composition.
In summary, we have analyzed the characteristics of the electrons extracted from a laser-induced plasma diode up to 30 kV. Saturation of the collected number of electrons is observed when the applied target voltage reaches 20 kV, as a result of the full depletion of the LDPP produced during laser-target interaction. This new versatile and compact electron source is therefore relevant for micro or nanotechnology aging studies under high irradiation dose. Typically, with a laser repetition rate of 10 Hz, a dose of the order of 1 MGy could be available in less than 5 s. Radioprotection issues, inherent to high radioactivity in standard sources, can be addressed. This new electron source is also useful for irradiation of biological samples. For example, fragmentation yields of hydrated or dried plasmids under high dose exposition 23,24 could be studied.
